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BG

:   basal ganglia

BOLD

:   blood‐oxygenation‐level‐dependent

fMRI

:   functional MRI

HD

:   hypokinetic dysarthria

PDQ‐39

:   Parkinson\'s Disease Questionaire‐39

RO

:   Rolandic operculum

ROI

:   region of interest

SMA

:   supplementary motor area

STG

:   superior temporal gyrus

UPDRS

:   Unified Parkinson\'s Disease Rating Scale

vPM

:   ventral premotor

INTRODUCTION {#hbm22748-sec-0001}
============

Disruption of speech motor control is a very frequent and at the same time very disabling symptom of Parkinson\'s Disease \[Duffy, [2005](#hbm22748-bib-0008){ref-type="ref"}\]. It is estimated that over 90% of patients with Parkinson\'s disease develop a speech disorder known as hypokinetic dysarthria \[HD; Ramig et al., [2011](#hbm22748-bib-0033){ref-type="ref"}\]. Among the many speech symptoms associated with HD, impairments in vocalization are perhaps the most prominent and frequently observed \[Duffy, [2005](#hbm22748-bib-0008){ref-type="ref"}\]. Vocalization deficits associated with HD involve an overall reduction as well as reduced variability of pitch and loudness during speech \[Ramig et al., [2011](#hbm22748-bib-0033){ref-type="ref"}; Rektorova et al., [2012](#hbm22748-bib-0036){ref-type="ref"}\]. In addition, self‐monitoring of speech is abnormal in Parkinson\'s disease \[Rektorova et al., [2012](#hbm22748-bib-0036){ref-type="ref"}\].

Understanding the neurobiological basis of voice production in Parkinson\'s disease would provide a better understanding of these deficits, and provide important information for the development of new treatment approaches. The functional neural mechanisms that give rise to the voice disorders in Parkinson\'s disease, however, are poorly understood. Pinto et al. \[[2011](#hbm22748-bib-0031){ref-type="ref"}\] used functional MRI (fMRI) to compare limb versus speech movement activations in patients with Parkinson\'s disease. Both speech and hand movement tasks revealed globally reduced activation levels in Parkinson\'s disease relative to healthy controls. While a simultaneous speech and hand movement task induced activations representing the sum of the isolated hand plus isolated speech tasks in healthy participants, activations of the simultaneous tasks in patients with Parkinson\'s disease resulted in activations similar to that of the hand movement task. Furthermore, patients with Parkinson\'s disease exhibited greater activation in the dorsolateral prefrontal cortex and cingulate cortex. This study thus pointed towards aberrant and generally reduced neural activation during speech in patients with Parkinson\'s disease, as well as the additional effort and neural recruitment that are necessary for patients with Parkinson\'s disease while performing dual motor tasks.

Recently, a seed‐to‐whole‐brain correlational analysis to assess task‐related functional connectivity of the periaquaductal gray matter in Parkinson\'s disease related to healthy controls showed increased functional connectivity of periaquaductal gray matter to the right basal ganglia (BG), posterior superior temporal gyrus (STG), supramarginal and fusiform gyri, as well as the inferior parietal lobe \[Rektorova et al., [2012](#hbm22748-bib-0036){ref-type="ref"}\]. These authors also noted that connection strength with the right putamen and supramarginal gyri was correlated with pitch variability in Parkinson\'s disease. In addition, connectivity strength of periaquaductal gray matter to right posterior STG and inferior parietal lobe was correlated with voice loudness.

An important development in clinical neuroimaging research using fMRI has been the emergence of resting‐state functional connectivity analyses. The clinical value of analyzing brain connectivity patterns based on inter‐regional correlations of activity patterns in a task free state emerges from several important aspects: (1) the subject only has to be still in the scanner, removing performance confounds, (2) the average time required to collect resting state data is about 10 min, (3) particularly pertinent to the current study, resting‐state functional connectivity patterns have been shown to be highly sensitive to disease states \[e.g., Clos et al., [2014](#hbm22748-bib-0007){ref-type="ref"}; Sommer et al., [2012](#hbm22748-bib-0045){ref-type="ref"}\], and (4) resting‐state functional connectivity corresponds to task‐related activation patterns underlining the physiological validity of these measurements \[e.g., see Eickhoff and Grefkes, [2011](#hbm22748-bib-0009){ref-type="ref"}; Rehme et al., 2012; Rottschy et al., [2013](#hbm22748-bib-0037){ref-type="ref"}; Smith et al., [2012](#hbm22748-bib-0043){ref-type="ref"} for a comparison\]. Though a known confound in functional resting state analyses is spurious trends in connectivity patterns due to movement artifact, there are well‐established experimental design and statistical methods to control for invalid findings, such as matching subjects based on similar estimates of movement \[Dijk et al., [2012](#hbm22748-bib-0050){ref-type="ref"}; Power et al., [2012](#hbm22748-bib-0032){ref-type="ref"}; Satterthwaite et al., [2013a](#hbm22748-bib-0039){ref-type="ref"}\].

As we were explicitly interested in the network of regions associated with the control of vocalization in general (as opposed to specifically speech production), we focused on the connectivity in a vocalization network. The regions constituting this network have already been well defined by a recent meta‐analysis \[Brown et al., [2009](#hbm22748-bib-0004){ref-type="ref"}; Table [1](#hbm22748-tbl-0001){ref-type="table"}\]. In particular, the regions forming the meta‐analytically defined network were supplementary motor area (SMA), left and right Rolandic operculum (RO), left and right ventral premotor cortex (vPM), left and right STG, left and right putamen, left and right thalamus, and left and right cerebellum VI. We analyzed the functional connectivity between these regions within and between patients with Parkinson\'s disease and healthy subjects. Furthermore, in order to explore the relationship between the resting‐state functional connectivity in this voice network and clinical measures of voice pathology in Parkinson\'s disease, we correlated resting‐state functional connectivity to clinical‐behavioral measures, in particular disease duration, communication‐relevant items of the Unified Parkinson\'s Disease Rating Scale (UPDRS), and the Parkinson\'s Disease Questionnaire -- 39 (PDQ‐39). We proposed that the Parkinson\'s disease group would have generally reduced connectivity in the voice network relative to the control group, in particular among the putamen and thalamus, due to the their role in the direct and indirect motor loops, and evidence in their increased activation following voice treatment for hypophonia \[Cerasa et al., [2014](#hbm22748-bib-0005){ref-type="ref"}; Gorges et al., [2013](#hbm22748-bib-0012){ref-type="ref"}; Hacker et al., [2012](#hbm22748-bib-0015){ref-type="ref"}; Jellinger, [2002](#hbm22748-bib-0018){ref-type="ref"}; Krajcovicova et al., [2012](#hbm22748-bib-0022){ref-type="ref"}; Liotti et al., [2003](#hbm22748-bib-0025){ref-type="ref"}; Tessitore et al., [2012a](#hbm22748-bib-0048){ref-type="ref"}, [2012b](#hbm22748-bib-0049){ref-type="ref"}\]. Following the same notion, we did not expect cerebellum connectivity to differentiate patients with Parkinson\'s disease, as it is not a region related to vocalization in this population (Narayana et al., [2010](#hbm22748-bib-0028){ref-type="ref"}). Furthermore, we expected connectivity to be associated with the communication‐relevant UPDRS and PDQ‐39 items.

###### 

Network seed coordinates in MNI space

  Regions of Interest             MNI‐Space (x,y,z)         
  ------------------------------- ------------------- ----- -----
  Rolandic Operculum (4/6/43)     66                  0     21
  −61                             1                   21    
  Ventral premotor cortex (4/6)   60                  1     37
  −52                             −5                  41    
  Supplementary motor area (6)    8                   8     62
  Superior temporal gyrus (22)    64                  −27   8
  −64                             −22                 3     
  Putamen                         27                  3     −8
  −23                             6                   0     
  Ventral thalamus                16                  −19   4
  −10                             −18                 −3    
  Cerebellum VI                   27                  −64   −21
  −36                             −55                 −32   

MATERIALS AND METHODS {#hbm22748-sec-0002}
=====================

Participants {#hbm22748-sec-0003}
------------

Fifty‐six patients diagnosed with Parkinson\'s disease (39 males, 17 females; age *M* = 62.07 (*SD* = 9.16); disease duration in years *M* = 4.93 (*SD* = 3.98); See Table [2](#hbm22748-tbl-0002){ref-type="table"} for clinical and demographic details for each site) and 56 age‐, gender‐, and movement‐matched \[39 males, 17 females; age *M* = 60.73 *(SD* = 9.30)\] healthy volunteers without any record of neurological or psychiatric disorders from three sites were included in the within‐group and between‐group analyses of resting state connectivity of the voice network. All 112 participants provided data that met quality threshold for movement parameters, yet were also matched between groups based on head‐movement (see Table [3](#hbm22748-tbl-0003){ref-type="table"}). Subject matching between groups was possible by selecting healthy controls from a large pre‐existing database. Forty‐one of the 56 patients had symptom measures available for the behavioral correlation analysis. Patients were recruited from in‐ and out‐patient departments of University Hospitals in Aachen, Cologne, and Düsseldorf, Germany in order to obtain a more realistic assessment of the overall PD population, as well as to boost statistical power to detect any effects, even in the presence of potentially increased variance. Diagnoses were made by the attending neurologist based on a physical exam in the hospital, according to established ICD‐10 criteria for idiopathic Parkinson\'s disease. Symptoms were furthermore quantified by the UPDRS‐III. All subjects gave written consent to participate in the study as approved by the particular site\'s ethics committee. The ethics committee of the University of Düsseldorf approved the joint analysis of data from all combined sites. Patients with Parkinson\'s disease had not received any voice therapy or surgical implants (deep brain stimulation). All Parkinson\'s disease measures were administered while patients were on their medication. All patients were treated with Levadopa or dopaminergic agonists, though there was a marked difference in the exact compounds used, relative to the dosage and comedication. The reason for this was that patients were recruited in a naturalistic setting, and hence, each patient\'s treatment plan was the result of the ongoing evaluation of the attending neurologist. As a heterogeneous factor, medication may be considered a partial source of variance in the Parkinson\'s disease group\'s results. By not controlling for this source of variance, our analyses may be considered a conservative approach to identifying aberrant resting state network properties in Parkinson\'s disease.

###### 

Patient and Control characteristics. UPDRS = Unified Parkinson\'s Disease Rating Scale; PDQ‐39 = Parkinson\'s Disease Questionnaire‐39

                Healthy controls   Parkinson\'s patients   Disease                 Motor assessment   Speech assessment                                     
  ------------- ------------------ ----------------------- ---------- ------------ ------------------ ------------------- ------------- --------- --------- -----------
  Aachen        28 (11 ♀)          63.4 ± 5.2              26 (8 ♀)   64.6 ± 8.8   3.9 ± 3.4          60.0 ± 8.4          25.7 ± 16.4   1 ± 0.8   1 ± 0.8   2.1 ± 1.9
  Cologne       13 (0 ♀)           62.2 ± 6.1              11 (0 ♀)   62.5 ± 8.0   6.6 ± 3.0          57.6 ± 9.5          13.8 ± 7.4    ‐         0 ± 0.4   ‐
  Duesseldorf   15 (10 ♀)          54.4 ± 14.0             19 (9 ♀)   58.4 ± 9.5   6.1 ± 6.3          ‐                   ‐             ‐         ‐         ‐

###### 

Between‐group matching on measures of head movement, by site. DVARS = derivative of RMS variance over voxels; FD = frame‐wise displacement; RMS = root mean squared movement

  Site        Subject Group   DVARS Mean (SD)   *P* (*t*‐test)   FD Mean (SD)   *P* (*t*‐test)   RMS Mean (SD)   *P* (*t*‐test)
  ----------- --------------- ----------------- ---------------- -------------- ---------------- --------------- ----------------
  1           Controls        1.38 (0.26)       0.503            0.35 (0.16)    0.937            0.25 (0.12)     0.826
              Patients        1.42 (0.26)       0.35 (0.11)      0.25 (0.08)                                     
  2           Controls        2.04 (0.52)       0.243            0.41 (0.19)    0.250            0.30 (0.13)     0.414
              Patients        2.27 (0.39)       0.49 (0.15)      0.34 (0.10)                                     
  3           Controls        1.53 (0.37)       0.732            0.30 (0.14)    0.237            0.22 (0.10)     0.366
              Patients        1.57 (0.29)       0.37 (0.17)      0.26 (0.12)                                     
  *Overall*   Controls        1.57 (0.45)       0.419            0.35 (0.16)    0.284            0.26 (0.12)     0.530
  Patients    1.64 (0.43)     0.38 (0.15)       0.27 (0.10)                                                      

Parkinson\'s Disease Measures {#hbm22748-sec-0004}
-----------------------------

Vocalization impairment in the Parkinson\'s disease group was measured by items of the UPDRS and the PDQ‐39. The UPDRS is a clinical rating scale divided into five subscales measuring cognition, behavior and mood, activities of daily living (ADL), motor function, and symptom severity. Items 5 (speech impairment rating within the context of ADL) and 18 (clinical rating of speech impairment within the context of motor function) were chosen for their relation to voice complaint. The PDQ‐39 is a self‐completed questionnaire divided into eight subscales measuring mobility, activities of daily living, emotional well‐being, stigma, social support, cognition, communication, and bodily discomfort. At each site, the same experienced physicians acquired structured interviews and questionnaires immediately before the fMRI session.

Data acquisition and Preprocessing {#hbm22748-sec-0005}
----------------------------------

Participants were instructed to lie still during the scan and not to think of anything in particular. The latter was confirmed during a post‐scan debriefing interview. For each subject, resting state EPI images were acquired using blood‐oxygen‐level‐dependent (BOLD) contrast using highly similar sequences at each site. All sites had parameters of 2200 ms TR, 30 ms TE, 90° flip angle, and 3.1 × 3.1 × 3.1 voxel sizes. In Aachen, a Siemens 3T scanner was used to acquire 36 slices and 165 images. In Cologne, a Siemens 3T Trio scanner was used to acquire 33 slices and 183 images. In Düsseldorf, a Siemens Magnetom Trio Tim Syngo MR B17 scanner was used to acquire 36 slices and 300 images. These differences should not have a substantial impact on the estimation of functional connectivity in the current approach of estimating stationary connection parameters by time‐series correlation. Though it would have been advantageous, it was not possible to have identical imaging parameters by retrospectively pooling three different sub‐samples. Nonetheless, we controlled for variance due to site before making statistical inferences about connectivity patterns (see below).

Patients and controls were matched for age, gender, and head movement at all three sites. In particular, given the sensitivity of intrinsic connectivity and the nature of this patient population, we found it necessary to control for recruitment site and in‐scanner movement. Site was statistically determined to not have an impact on inter‐individual variance within the patient group (Table [2](#hbm22748-tbl-0002){ref-type="table"}). Finally, in order to control for expected head movement in all subjects beyond movement regression during preprocessing (see below), we created the largest sample pool as possible in which all patients\' estimates of head movement \[root mean squared movement (RMS), derivative of RMS variance over voxels (DVARS), and frame‐wise displacement (FD)\], age, and gender were not significantly different to those of healthy control subjects \[Dijk et al., [2012](#hbm22748-bib-0050){ref-type="ref"}; Power et al., [2012](#hbm22748-bib-0032){ref-type="ref"}; Satterthwaite et al., [2013b](#hbm22748-bib-0040){ref-type="ref"}\]. For each site, we randomly assembled equal groups of patients and controls. Subjects were considered matched when all five parameters were not significantly different at *P* \> 0.20 following 10^7^ repetitions of this procedure.

Prior to further processing (using SPM8, <http://www.fil.ion.ucl.ac.uk/spm>) the first four images were discarded allowing for magnetic field saturation. The EPI images were first corrected for head movement by affine registration using a two‐pass procedure. The mean EPI image for each subject was then spatially normalized to the MNI single subject template using the "unified segmentation" approach \[Ashburner and Friston, [2005](#hbm22748-bib-0001){ref-type="ref"}\]. The ensuing deformation field was then applied to the individual EPI volumes and a 5‐mm FWHM Gaussian kernel smoothed the output images. In order to reduce spurious correlations by confounds such as physiological noise and motion \[cf. Bandettini and Bullmore, [2008](#hbm22748-bib-0002){ref-type="ref"}\], variance that could be explained by first‐ or second‐order effects of the following nuisance variables was removed from each voxel\'s time series: (i) the six motion parameters derived from the image realignment, (ii) their first derivative, and (iii) global signal intensity per time‐point \[(Jakobs et al., [2012](#hbm22748-bib-0017){ref-type="ref"}; Reetz et al., [2012](#hbm22748-bib-0034){ref-type="ref"}; Satterthwaite et al., [2012](#hbm22748-bib-0038){ref-type="ref"}, [2013b](#hbm22748-bib-0040){ref-type="ref"})\]. Data was then band‐pass filtered, preserving frequencies between 0.01 and 0.08 Hz \[Fox and Raichle, [2007](#hbm22748-bib-0011){ref-type="ref"}; zu Eulenburg et al., 2012). Prior to statistical analyses, variance that could be explained by the potentially confounding factors site and gender were removed from the data.

Data analysis: Individual and Group Level Analysis {#hbm22748-sec-0006}
--------------------------------------------------

Functional connectivity was then investigated using a network of regions based on a meta‐analysis of vocalization \[see Table [1](#hbm22748-tbl-0001){ref-type="table"}; Brown et al., [2009](#hbm22748-bib-0004){ref-type="ref"}\]. To determine regions of the brain that are reliably activated during vocalization, Brown et al. \[[2009](#hbm22748-bib-0004){ref-type="ref"}\] contrasted overt speech production with tongue movement, lip movement, and vowel phonation, which reflected neural activation of pure vocalization. Furthermore, the authors performed a functional meta‐analysis comparing activations from syllable singing versus activations due to overt reading. The resulting MNI coordinates of each region are displayed in Table [1](#hbm22748-tbl-0001){ref-type="table"}. The time course for each ROI identified in Brown et al.\'s \[2009\] meta‐analysis was then extracted for each subject as the first eigenvariate of the resting‐state signal time‐series of all grey‐matter voxels located within 5 mm of the respective peak coordinate. For each subject we then computed linear (Pearson) correlation coefficients between the extracted time series of each of the seed regions. These voxel‐wise correlation coefficients were then transformed into Fisher\'s *Z*‐values representing the functional connectivity strength for each connection in each subject. First, network models of connectivity were analyzed within each group in vocalization ROIs using a single sample *t*‐test thresholded at FDR‐corrected *P* \< 0.001. Functional network connectivity was then assessed for significant differences between patients and controls using independent samples *t*‐tests thresholded at FDR‐corrected *P* \< 0.05, and then transforming values to *z*‐scores.

To assess possible relationships between functional connectivity and voice impairment in Parkinson\'s disease patients, Spearman rank‐correlations of the individual connectivity strengths\' between the different nodes of our network and on data from patients whom it was collected. The UPDRS item scores, PDQ‐39 Communication subscale, and disease duration network correlation results were thresholded at *P* \< 0.05.

RESULTS {#hbm22748-sec-0007}
=======

Figure [1](#hbm22748-fig-0001){ref-type="fig"} shows significant resting state connectivity for the vocalization network in healthy subjects (1a) and those with Parkinson\'s disease (1b). The intrinsic voice network in healthy subjects involved strong functional connectivity between left and right RO and between right RO and right vPM. Within subcortical structures, there was strong connectivity between left and right putamen and between left and right thalamus. Bilateral thalamus was also connected to the left RO. Also seen in the figure is connectivity between left and right vPM, and left RO. Bilateral vPM and bilateral RO were connected both within and between hemispheres, as well as bilateral RO and bilateral STG. Though the only subcortical co‐activation of the right STG is with the left thalamus, the bilateral thalamus is also connected with the left RO and the right vPM. Finally, the left cerebellum is connected to the right cerebellum, as well as negatively related to BOLD fluctuation in the right RO.

![Resting state connectivity of the voice network in healthy subjects (1a, top) and patients with Parkinson\'s disease (1b, bottom). (FDR‐corrected *p* \<. 001). SMA = supplemental motor area; RO = Rolandic operculum; vPM = ventral premotor area; STG = superior temporal gyrus; Pu = putamen; Th = thalamus; Cereb = cerebellum VI.](HBM-36-1951-g001){#hbm22748-fig-0001}

Connectivity in patients with Parkinson\'s disease (Fig. [1](#hbm22748-fig-0001){ref-type="fig"}b) reveals a somewhat different voice network pattern. In particular, at the *subcortical* level, the group with Parkinson\'s disease shows left and right putamen connectivity, left and right thalamus connectivity, left and right cerebellum connectivity, and left thalamus and left putamen connectivity. There is no connectivity between subcortical and cortical structures. At a *hemispheric* level, the Parkinson\'s disease group has few intrahemispheric functional connections and limited STG connectivity. The left putamen to left thalamus, left vPM to left RO, and right vPM to right RO are connections that are common between groups.

Group Differences in Voice Motor Network {#hbm22748-sec-0008}
----------------------------------------

The predominate finding when comparing healthy control connectivity to subjects with Parkinson\'s disease (FDR‐corrected *P* \< 0.05) is the difference in subcortical‐cortical functional connectivity (see Fig. [2](#hbm22748-fig-0002){ref-type="fig"}). The left thalamus and right STG (*z* = 3.39) and left thalamus and right RO (*z* = 3.74) were different between groups. Likewise, functional connectivity between the right RO and left STG (*z* = 3.10) was different between groups. Within the basal ganglia, there was different connectivity between bilateral putamen (*z* = 4.15) between groups. Cortically, there is different connectivity between the right STG and right and left RO (*z* = 3.60; 3.31).

![Group differences in the voice network (Healthy controls \> PD, FDR‐corrected *p* \< .05). SMA = supplemental motor area; RO = Rolandic operculum; vPM = ventral premotor area; STG = superior temporal gyrus; Pu = putamen; Th = thalamus; Cereb = cerebellum VI.](HBM-36-1951-g002){#hbm22748-fig-0002}

Correlation to Clinical Phenotypes {#hbm22748-sec-0009}
----------------------------------

To test whether connectivity within the vocalization network is significantly related to clinical phenotype, that is, symptom severity, in Parkinson\'s disease patients, we correlated the inter‐individual variability in the strength of each connection with disease duration, UPDRS item 5 (patient‐rated speech impairment within the construct of ADL), UPDRS item 18 (clinician‐rated speech impairment within the construct of motor dysfunction), and PDQ‐39 Communication Sub‐Scale (Fig. [3](#hbm22748-fig-0003){ref-type="fig"}; *P* \< 0.05 uncorrected). Our analysis revealed significant associations between connectivity and symptom‐levels for subcortical, subcortical‐cortical, and cortical interactions. Specifically, disease duration was positively correlated with SMA‐left RO connectivity (*r~s~* = 0.37) and right RO‐right putamen connectivity (*r~s~* = 0.32). Patients who had been living with Parkinson\'s disease for longer had stronger connectivity between the SMA and left RO as well as the right RO and right putamen.

![Parkinson\'s disease voice network correlates (*p* \< .05). Purple---Disease duration; Blue---PDQ‐39 Communication Scale; Red---UPDRS item 5 (Communication impairment/ADL); green---UPDRS item 18 (Motor Examination); SMA = supplemental motor area; RO = Rolandic operculum; vPM = ventral premotor area; STG = superior temporal gyrus; Pu = putamen; Th = thalamus; Cereb = cerebellum VI.](HBM-36-1951-g003){#hbm22748-fig-0003}

Parkinson\'s Disease Questionnaire 39 Communication scores were positively associated with right RO‐left STG connectivity (*r~s~* = 0.43). Furthermore, this was the only positive association to a voice score. Patients who perceived more communication impairment thus had increased connectivity between the right RO and left STG. Item 5 of UPDRS‐II (rating of speech impairment within the context of ADL) was negatively related to connectivity between right vPM and right STG (*r~s~* = −0.55), the left vPM and right putamen (*r~s~* = −0.55), and the right putamen and left thalamus (*r~s~* = −0.43). That is, patients who experienced more difficulty with communication had decreased connectivity between the right vPM and right STG, left vPM and right putamen, and between the right putamen and left thalamus. However, item 5 was positively related to left cerebellum connectivity with the left RO (*r~s~* = 0.42). Increased complaint of speech impairment was related to increased connectivity between left cerebellum and left RO. Finally, item 18 on the Motor Scale (UPDRS‐III; clinician rated speech impairment) was negatively associated with the connectivity of right and left vPM (*r~s~* = −0.41), right vPM‐right STG (*r~s~* = −0.31), left STG and right putamen (*r~s~* = −0.35), left STG and left cerebellum (*r~s~* = −0.36), and right putamen and right cerebellum (*r~s~* = −0.30). Patients with more speech symptoms thus had reduced connectivity between the right and left vPM, the right vPM and right STG, left STG and right putamen, left RO and left cerebellum, and right putamen and right cerebellum.

DISCUSSION {#hbm22748-sec-0010}
==========

We identified resting‐state functional connectivity among selected seed regions in a voice network \[Brown et al., [2009](#hbm22748-bib-0004){ref-type="ref"}\] in patients with Parkinson\'s disease and healthy control subjects and the different connectivity patterns between the groups. Thus, identifying the final voice network specific to non‐speech phonation informed the hypothesis that those with Parkinson\'s disease who suffer from hypokinetic dysarthria have reduced intrinsic connectivity in this network in comparison to healthy subjects. Furthermore, we identified connectivity patterns for patients with Parkinson\'s disease that were related to communication‐specific variables. Various connections related to speech impairment ratings were altered in patients with Parkinson\'s disease.

The Healthy Voice Network {#hbm22748-sec-0011}
-------------------------

The resting‐state functional connectivity of an a priori, robustly defined vocalization network \[Brown et al., [2009](#hbm22748-bib-0004){ref-type="ref"}\] demonstrated extensive bilateral, subcortical, subcortical‐cortical, and cortical connectivity in healthy subjects. Most notably present in the healthy voice network that is not seen in the PD network is the subcortical‐cortical connectivity. Though there were no putamen‐premotor connections as described in other studies \[Choi et al., [2012](#hbm22748-bib-0006){ref-type="ref"}; Kell et al., [2011](#hbm22748-bib-0020){ref-type="ref"}; Simonyan et al., [2013](#hbm22748-bib-0042){ref-type="ref"}\], this may be a result of a more conservative threshold, different methodology in defining networks, as well as the prominence of dopamine‐driven thalamic‐cortical excitation linked to BOLD activation. Likewise, the connectivity between the thalamus and cortical motor and temporal areas that demonstrate interhemispheric homologue connectivity is in agreement with previous thalamic nucleus connectivity with the cortex \[Zhang et al., [2008](#hbm22748-bib-0053){ref-type="ref"}\]. This thalamo‐cortical connectivity has also been demonstrated in post‐mortem axonal connections \[Morel et al., [1997](#hbm22748-bib-0027){ref-type="ref"}\], and agrees with neurotransmitter action models of the basal ganglia. Furthermore, the left and right thalamus was connected with left and right vPM, left RO, and right STG.

Specific laterality of the observed thalamic‐RO resting‐state connectivity is critical given the nature of task‐driven speech representation in the brain in disease‐free populations \[Bohland and Guenther, [2006](#hbm22748-bib-0003){ref-type="ref"}\]. Using an ROI activation analysis, Bohland and Guenther \[[2006](#hbm22748-bib-0003){ref-type="ref"}\] also demonstrated bilateral motor and thalamus activation during overt speech production (non‐word syllables), but strong left lateralized operculum (around inferior frontal gyrus) activation specific to complex syllable sequences. Guenther et al. \[[2006](#hbm22748-bib-0014){ref-type="ref"}\] relate the left lateralized opercular activity to the Speech Sound Map of the DIVA model, which suggests that the left lateralized cells activate well‐known speech chunks.

Finally, BOLD fluctuation in the left cerebellum was negatively related to that of the right RO. Similarly, Kipping et al. \[[2013](#hbm22748-bib-0021){ref-type="ref"}\] noted connectivity of left lobule VI to the right IFG (as well as left IFG), and numerous other cortical sensorimotor regions. The extensive cerebellar‐cerebral connectivity, unlike the current work, may be a factor of only studying a single group of subjects, as well as different ROI identification techniques. Furthermore, the authors demonstrate cerebellar‐IFG connectivity to be relevant in an executive control network, though this IFG connectivity was particularly unique to right lobule VI, not found in the current study \[Kipping et al., [2013](#hbm22748-bib-0021){ref-type="ref"}\].

Parkinson\'s Disease Reductions in Voice Network Resting‐State Functional Connectivity {#hbm22748-sec-0012}
--------------------------------------------------------------------------------------

The between‐group contrast analysis revealed reduced left thalamus, putamen, STG, and RO connectivity in patients with Parkinson\'s disease. The most pronounced difference in connectivity is that of the bilateral putamen. Given the role of the putamen in motor initiation and Parkinson\'s disease, this finding is expected \[Hornykiewicz, [2001](#hbm22748-bib-0016){ref-type="ref"}\]. Over 80% of dopamine in the brain is located in the caudate and putamen. Given the 95% decrease in dopamine in the putamen in patients with Parkinson\'s disease, it is possible that the reduced bilateral putamen and subcortical‐cortical connectivity is due to the overly inhibitory nature of dopamine activity from the putamen and pallidum, and sequentially, a lack of excitatory left thalamus connections to the cortex, particular to this sample, to the right STG and left RO. For example, Wu et al. \[[2012](#hbm22748-bib-0051){ref-type="ref"}\] most clearly demonstrated this possibility in both resting state and task‐induced activity in most of the ROI\'s selected in the current study. The authors showed that the SN positively affected the bilateral putamen and thalamus at rest in healthy subjects. However, Parkinson\'s disease depletes the dopaminergic neurons in the BG, most notably in the SN, which affects putamen, Globus pallidus (GP), and thalamus functioning. Wu et al. \[[2012](#hbm22748-bib-0051){ref-type="ref"}\] further reported reduced causal connectivity from SN to thalamus, BG, GP, and putamen at rest compared to healthy controls. With the administration of Levodopa, the reduced connectivity partially normalized. Furthermore, areas of the right pallidum that are anatomically and functionally connected to the thalamus display slight shape differences in early‐stage Parkinson\'s disease compared to healthy, matched controls \[Menke et al., 2013\].

Additionally, the associations of left hemisphere and right hemisphere cortical nodes with the thalamus that were significantly greater in healthy controls are representative of the lateralization of particular aspects of speech and vocalization. The left hemisphere is known to be active while detecting temporal errors in vocalization, whereas the right hemisphere is known to be active while detecting spectral and prosodic errors in vocalization \[Duffy, [2005](#hbm22748-bib-0008){ref-type="ref"}; Johnsrude et al., [2000](#hbm22748-bib-0019){ref-type="ref"}; Zatorre and Belin, [2001](#hbm22748-bib-0052){ref-type="ref"}\]. Generally, the reduced connectivity between the thalamus and STG cortical nodes reinforces findings from speech‐related functional activation studies in the past decade that reveal their role in motor and sensorimotor dysfunction in Parkinson\'s disease. Of particular interest is the role of the STG in this patient population. A recent study has shown the directional influences to and from the bilateral STG during a pitch‐shifting paradigm, albeit in a healthy population and in a different vocalization network \[Flagmeier et al., [2014](#hbm22748-bib-0010){ref-type="ref"}\]. Reduced prosody and loudness are certainly core vocal symptoms of Parkinson\'s disease \[Duffy, [2005](#hbm22748-bib-0008){ref-type="ref"}\], and the inability to easily correct for these errors is most likely a result of reduced STG connectivity. However, a causal modeling analysis would be most helpful in clarifying the STG\'s implication in error detection and correction in Parkinson\'s disease. Currently, the symptom correlates of intrinsic connectivity provide additional understanding of the functionality of the voice network.

Relationship of Intrinsic Connectivity within the Voice Network to Clinical Symptoms {#hbm22748-sec-0013}
------------------------------------------------------------------------------------

First, longer disease duration was related to increased connectivity between the SMA and left RO, as well as the right RO and right putamen. This association is interesting as neither of these connections was decreased in the PD group, nor are they present in the PD group alone. The SMA is functionally connected to the left RO in healthy controls, while connectivity between the right RO and right putamen is entirely unanticipated. A hypothesis may be that dopaminergic medication (and possibly voice therapy) is not administered until mid‐ to late‐ stages of the disease \[Sapir, 2014\]. Increased duration would necessitate prescribed dopamine, which may increase connectivity in these areas. However, this cannot be presently emphasized because of the lack of dopaminergic drug information in this sample.

Behaviorally specific to the voice network, *patients\'* higher ratings of communication impairment (higher scores = worse impairment) were related to *increased* coupling of the right RO and left STG, and left cerebellum and left RO, but *decreased* connectivity between the right STG and right vPM, the right putamen and left vPM, and the right putamen and left thalamus. The increased connectivity of the left STG possibly alludes to the increased effort of integrating the external feedback to modulate oral aspects of vocal control \[Obeso et al., [2012](#hbm22748-bib-0029){ref-type="ref"}; Parkinson et al., [2012](#hbm22748-bib-0030){ref-type="ref"}; Solomon and Robin, [2005](#hbm22748-bib-0044){ref-type="ref"}\]. Obeso et al. \[[2012](#hbm22748-bib-0029){ref-type="ref"}\] showed that executive dysfunction explained partial variance of patients\' phonemic fluency scores. Executive control is hypothesized to be a large component of internal sense of effort, although inhibition of inappropriate word generation could also play a significant role in decreased fluency. We also emphasize the importance of the STG in relaying auditory feedback in response to unexpected shifts in vocal pitch \[Flagmeier et al., [2014](#hbm22748-bib-0010){ref-type="ref"}; Parkinson et al., [2012](#hbm22748-bib-0030){ref-type="ref"}\]. The STG is suppressed when auditory feedback matches the efference copy, yet uninhibited when the expected auditory feedback does not match that in the efference copy \[Greenlee et al., [2011](#hbm22748-bib-0013){ref-type="ref"}\].

The RO in relation to cerebellar lobule VI may also play a role in implementing kinesthetic feedback during vocalization in tandem with the auditory feedback that failed to match that of the predicted vocal output. Lobule VI receives direct facial, kinesthetic afferent projections from the spinal cord \[Stoodley and Schmahmann, [2010](#hbm22748-bib-0047){ref-type="ref"}\]. The relationship between left lobule VI and left RO (in association with perceived communication impairment) may represent the reception of reduced kinesthetic feedback. The RO, similar to auditory feedback, is possibly cued to corollary discharge.

Lenfeldt et al. \[[2013](#hbm22748-bib-0024){ref-type="ref"}\] also found that increased UPDRS‐II scale scores were related to increased mean diffusivity in the putamen and the thalamus. The loss of axonal integrity, as well as decreased dopamine uptake in these regions, may help explain the decreased connectivity between the right putamen and the left thalamus. Furthermore, the same may be said about the reduced connectivity between right putamen and left vPM in relation to difficulty with communication. Though in the off‐medication state, Wu et al. \[[2012](#hbm22748-bib-0051){ref-type="ref"}\] also demonstrated a relationship between increased UPDRS scores and decreased positive effect of the SN on both the putamen and motor cortex.

Interestingly, the *clinician\'s* rating of patients\' motor‐speech impairment on UPDRS item 18 indicated similar locations of decreased connectivity. Increased scores of motor‐speech impairment (higher scores = worse impairment) were associated with *increased* connectivity between left cerebellum and left RO, but *decreased* connectivity between the right STG and right vPM, right and left vPM, right putamen and left STG, right cerebellum and right putamen, as well as left cerebellum and left STG. The positive relationship of clinician rating of speech impairment and connectivity between left cerebellum and left RO, as well as the negative relationship of clinician impairment rating and right STG -- right vPM connectivity, most likely reveals similar implications as the patients\' perception of their impairment.

Clinician‐reported speech impairment was also related to decreased connectivity among right and left cerebellum, right putamen, left STG and bilateral vPM. Wu et al. \[[2012](#hbm22748-bib-0051){ref-type="ref"}\] similarly reported that the decreased effect of the SN on the putamen, temporal lobe, and motor cortex was related to increased UPDRS scores \[Wu et al., [2012](#hbm22748-bib-0051){ref-type="ref"}\]. Due to the origin of reduced dopamine, the reduced activity of the SN, and yet the partial benefit of Levodopa, are most likely the cause of the abnormal resting state connectivity in these regions. As Wu et al. \[[2012](#hbm22748-bib-0051){ref-type="ref"}\] demonstrated a heightened effect of the SN on the motor cortex during motor execution, the reduced availability of dopamine in Parkinson\'s disease decreases the ability to surpass the necessary threshold of dopaminergic activity for motor initiation. In the present case, this may be in reference to perceived auditory feedback error. Including the right and left STG, this disturbed processing would make perceptions of self‐vocalization and movement distorted, or correction more effortful.

Finally, reduced syncing of BOLD fluctuation in the cerebellum in relation to right putamen and left STG, regarding increased speech impairment, most likely reflect what occurs in task‐based functional neuroimaging data in healthy adults and those with Parkinson\'s disease. Sensorimotor tasks, such as speaking, often activate cerebellum and sensorimotor cortices, such as STG, in healthy populations \[Brown et al., [2009](#hbm22748-bib-0004){ref-type="ref"}; Soros et al., [2006](#hbm22748-bib-0046){ref-type="ref"}; Stoodley and Schmahmann, [2010](#hbm22748-bib-0047){ref-type="ref"}\]. As Parkinson\'s patients with hypokinetic dysarthria suffer from primarily disordered voice and reduced dopamine in the basal ganglia, it is possible that the reduced connectivity between cerebellum and these regions is because cerebellar fluctuations in BOLD are relatively normal, but putamen and STG are aberrant. This notion is supported by the contrast analysis. There are no differences in cerebellar connectivity, but indeed reductions in putamen and STG connectivity. Furthermore, in idiopathic Parkinson\'s disease, cerebellar activation remains significant and unchanged following voice treatment \[Narayana et al., [2010](#hbm22748-bib-0028){ref-type="ref"}\].

Limitations {#hbm22748-sec-0014}
-----------

In the current resting state functional connectivity analysis, global signal intensity was considered a nuisance variable and removed from the time‐series. Though there have been many publications that warn of the possible effects of doing so, this is still arguably up for debate \[Satterthwaite et al., [2013b](#hbm22748-bib-0040){ref-type="ref"}\]. In particular, it may be noted that the global signal may in large parts be driven by non‐neuronal sources, ranging from physiological effects (such as cardiovascular and breathing patterns) to trivial technical confounds such as scanner drifts. In fact, these considerations and the observation of the ensuing (spurious) global correlation structure in resting‐state BOLD data have motivated global signal removal in the first place \[Satterthwaite et al., 2013a\]. Given that there is no comprehensive evaluation and consensus on the right approach to resting state functional connectivity, this is included as a possible limitation and may be tested further in the future.

As no further neuropsychological assessment scores were available for all patients, we did not correlate other clinically relevant variables to intrinsic connectivity strength in this network. However, it may be worth doing so in later research in order to isolate alterations in connectivity in this network that have also been related to other realms of cognitive decline in patients with Parkinson\'s disease \[Lebedev et al., [2014](#hbm22748-bib-0023){ref-type="ref"}\].

In the correlation analyses, several relationships were found with the clinical scores that were available. None, however, survived correction for multiple comparisons. These findings should thus be seen as a first indication towards the existence of altered functional connectivity in patients with PD who do and do not have severe speech deficits. These may be followed up by analysis of a more targeted sample of not and severely impaired patients.

CONCLUSIONS {#hbm22748-sec-0015}
===========

The current resting state connectivity analysis expands what is known about differences in the voice network in patients with Parkinson\'s disease. Resting state connectivity allows us to see intrinsic states in the brain that are not confounded by task activity. The ROIs that compose the healthy voice network were selected from a task‐related meta‐analysis for a comparison of resting‐state connectivity between healthy and Parkinson\'s disease. In using this technique, and by controlling for extraneous confounding variables, we provide evidence that the Parkinson\'s disease population exhibits vast reductions in left thalamo‐cortical, bilateral putamen, and cortical audio‐vocal connectivity in the voice network. However, the majority of cortical connectivity remains similar to that of controls. Furthermore, the majority of the behavioral correlates were largely associated with aberrant putamen, STG, and vPM coupling. In order to understand cause and effect of cortical and subcortical‐cortical connectivity, further research should encompass dynamic causal modeling in this network for healthy controls and patients with Parkinson\'s disease.
